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Abstract 
The full characterization of a stringed musical instrument requires measuring the motion of the 
strings in at least two dimensions. Traditionally this has been done using electromagnetic means or 
by optical transmission. However in many instruments the strings are not made of steel, nor are the 
strings easily accessible on both sides. In this work it is shown that string positions can be 
measured by inexpensive optical reflection sensors which neither require metallic strings nor 
obtrusive access. We have demonstrated a versatile and non-invasive technique for measuring the 
position of a vibrating string in a 1 mm2 area with an accuracy of tens of microns for thin strings, 
and better than 0.1 mm for thick ones. 
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I. Introduction 
The sound of a stringed instrument is produced by a tuned string driving a radiator, e.g. the 
soundboard of a piano or the body of a guitar. The quality of the sound is partly determined by the 
interaction of the motion of the string and that of the radiator, which generally has its own spectrum 
of resonances (see, for example1 ). The string motion involves two sets of transverse modes, one 
set of longitudinal and one set of torsional modes. The sound production typically comes from one 
transverse mode, but all modes are coupled together by nonlinear effects. The most important 
modes are the two transverse ones which couple to produce whirling motion and the characteristic 
sound of a plucked string2. 
 
The most common method of sensing string positions is by magnetic means or electromagnetic 
induction, both of which can be done in two dimensions, but clearly only work for steel strings. 
Weinreich3 uses a pair of such sensors in his study of piano strings, but states that the error in 
measurement of the plane of vibration may be as high as 15°. Optoelectronic methods based on 
shadowing by the string, require the string to be opaque and require mounts on both sides of the 
string which can be awkward to use on a musical instrument. The system of Baker et al.4 is quoted 
as being approximately linear within ± 0.5 mm of the string’s equilibrium position. Podlesak and 
Lee5 devised an ingenious x-y shadowing system using photocells and mirrors but do not give any 
numerical estimate of its accuracy. Hanson et al.6measure the linearity of their system and find it to 
be reliable only within ± 0.2 mm of the center. O’Reilly and Holmes use a camera and optical 
target; this involves adding some mass to the string and introduces distortion due to necessarily off-
axis camera alignment7 .  
 
We present here a method based on optoelectronic reflection sensors, which we are using in our 
work on the motion of harp strings.  These integrated sensors both emit and detect reflected light in 
the near infrared. Mounted at 90° to each other they can be placed on one side of a string to detect 
motion in both transverse directions. The reflection technique works on all string types, the sensor 
deployment is unobstrusive, and the cost is very low. One disadvantage is nonlinearity, but this can 
be dealt with. Another is the need to calibrate for each string, but techniques have been devised to 
minimize this effort. The entire sensor and calibration system is small enough to be mounted on a 
musical instrument providing the strings are separated by at least 1 cm, which is the case for almost 
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any instrument that has single strings. Mounting can be achieved without damage to the instrument 
by using a balsa frame and padded clamps. We have developed the technique and analyzed it for 
positional accuracy using micrometers to displace the strings. The method has been tested on 
strings of all types, colors and thickesses found in harps. 
 
II. Configuring the Sensors 
 
The string motion measurements are based on a pair of inexpensive Fairchild Semiconductor 
QRD1113 Reflective Object Sensors8. Each sensor consists of an infrared emitting diode and a 
photodarlington mounted side-by-side in a black plastic housing with a front face dimensions of  
6.1 mm by 4.4 mm. The axis of radiation from the emitter and the symmetry axis of the detector 
response are both perpendicular to the face of the sensor. The photodarlington responds to radiation 
emitted from the diode only when a reflective object or surface is in the field of view of the 
detector. The radiation is unfocused for sensing diffused surfaces. The response is nonlinear; it 
reaches a maximum when the object is about 0.7 mm away, and thereafter falls approximately as 
the square of the distance. We positioned the strings at distances greater than 1 mm to avoid 
ambiguity of response. Although the sensors have a daylight filter, we found some sensitivity to the 
lighting environment, and care had to be taken to keep this constant.  
 
Two sensors were mounted on the front and back of a sheet of 3 mm thick plastic mounting plate, 
with the front surfaces at 90° to the other (fig. 1). The mutual separation of the sensors in the z-
direction reduced, but did not eliminate, the cross-talk between them. The QRD 1113s have four 
pins, two for the infrared LED and two for the photodarlington. The power was supplied by a 9V 
battery via a 5V regulator, as shown in circuit diagram (fig. 2). The clean, stable power source was 
chosen to maximize the sensitivity. The signals were read by a Picotech ADC11/12 12-bit analog-
digital converter9 which was controlled by a Visual Basic program running on a 1 GHz  IBM-type 
computer. Both sensors could be read at about 7 kHz, but this limitation was due to the computer 
and ADC combination, rather than the sensors, which have a bandwidth that is larger than 10 kHz. 
The circuit included a variable offset to bring the signal into the sensitive range (0-2.5V) of the 
Picotech ADC11/12.  
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  III. Calibration 
 
The system was calibrated with a small device consisting of two micrometers mounted at 90° to 
each other. The device was small enough to be used on a musical instrument. Four strings were 
examined: 
 
1. Aoyama #10 nylon “F” string (i.e. coated blue), 0.81 mm diameter  
2. Nylon-wrapped nylon (clear) string, 1.35 mm diameter  
3. Copper-wrapped steel Robinson Harps string (silver), 1.27 mm diameter 
4. Steel Pirastro Chromcor D7 (silver) string, 2.70 mm diameter   
 
The procedure was to map out the response of the two sensors as the string was moved over a 5×5 
matrix of points in (x,y) covering a square 1 mm on a side. From these data, the first-order and 
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obtained by curve fitting. Using (u,v) data, the position of the string at each of the 25 points was 
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Now new quantities (u1,v1) were found using a second-order Taylor expansion in (x1,y1) and the 

























∂−=                [2] 
From these values a second-order estimate of (x,y) could be found by substituting (u1,v1) into 
equation [1]. 
 
Values of the differentials varied greatly: from ~500 mV/mm for the opaque steel string, to ~150 
mV/mm for the clear gut and thick nylon strings, and ~50 mV/mm for the thin blue nylon string.  
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However, the application of a little white paint to the thin nylon string brought the response up to 
the level of the steel string. The second differentials were typically 150 mV/mm2 for cases where 
the first differentials were 500 mV/mm; that is to say, the relationship between position and voltage 
varied by about 30% over 1 mm.  
 
Although this procedure is a little time-consuming to set up in a spreadsheet, once done the 
template is usable for all subsequent calibrations. It is trivial to automate the process so long as the 
string can be moved to all 25 positions in sequence when prompted by the data-acquisition 
program. 
 
The first- and second-order estimates of positions are compared with the known values and 
contours of |Δx1| = |x1-x| and |Δx| = |x2-x| etc. are shown in Figures 3-6. The lightest area on the 
contour plots corresponds to the region where the position error is less than 20 μm (10 μm in the 
case of the second-order error |Δy|. For the thin Aoyama string, approximately a third of the 1 mm2 
region has |Δx| < 20 μm, a half has |Δx| < 40 μm, and three-quarters has |Δy| < 10 μm. Generally, the 
resolution gets worse as the strings become bigger. The largest string tested, the Pirastro D7 can 
only be located in x to within 40 μm for about ¼ of the 1 mm2 area; in y it can be located to within 
20 μm for about ½ of the 1 mm2 area. Note that the useful range in x is less than that in y (and the 
error in x consequently larger than that in y). Because of small differences between the two sensors, 
the optimum x position is not quite on the axis of symmetry of the device, and so a deviation in x 
puts the string further from the axis of one sensor than would an identical deviation in y. It is 
important to locate the optimum equilibrium position experimentally.   
 
The effect of position errors on the measurement of velocity depends on the details of each 
particular situation. However, for planar oscillations in, say, the x-direction, the fractional velocity 
error is given by the slope of the position error with respect to x (making the reasonable assumption 
that the timing errors are negligible). Like the position errors, this value is smallest for the thinnest 
string. For the thin Aoyama string, the fractional error in vx is 3% and in vy, 2%, in the center and 
13% (vx) and 6% (vy) rms for the whole 1mm2 area. The two intermediate thickness strings were 
slightly worse. The very thick Pirastro string has an rms fractional error in vx of 11% and in vy of  




We have demonstrated a versatile and non-invasive system for measuring the position of a 
vibrating string in a 1 mm2 area with an accuracy of tens of microns for thin strings, and better than 
0.1 mm for thick ones. This system is currently being used to observe string motion on harps, the 
results of which will be reported shortly. However the technique is not restricted to musical 
instruments, and is applicable to observing vibration in any string, wire or thin rod. The total cost 
of the system, including the multichannel ADC (but not the computer) is about $200. It would be a 
simple matter to expand the apparatus to sample the string position at many points along its length.   
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Fig.1. The arrangement of QRD1113 reflection sensors around the string. Each sensor illuminates 
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Fig.2. The circuit diagram for each QRD1113 sensor. The 7805 is a voltage regulator which 
provides a clean, constant 5V output to the LED when powered by a 9V battery. The circuit allows 




Fig. 3. Aoyama #10 nylon “F” string (i.e. coated blue), 0.81 mm diameter. Contour maps of 
absolute errors in x and y positions across a 1 mm2 area of string displacement. The first-order 
estimates are given by  |Δx1| and  |Δy1|; the second-order by |Δx| and  |Δy|. Note that the contour 
spacing, shown in mm, is for |Δy| is twice as fine as for the other quantities. 
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Fig. 6. Second-order errors for a steel Pirastro Chromcor D7 (silver) string, 2.70 mm diameter.  
Note that the contour spacing for |Δy| is now the same as for the other quantities. 
